Interest in the antifungal activity of essential oils has increased markedly in recent years. The volatile (vapour) components of several essential oils have been demonstrated to have potent antifungal activity, often in excess of that displayed in direct contact assays. A lack of consistent methodology and reporting, however, hinders direct comparison of publications. A variety of mechanisms have been suggested for the activity of these active volatiles against hyphate fungi. This paper briefly reviews some of the more recent data and identifies areas that require standardization and further study.
Interest in the bioactivity of essential oils and antimicrobial activity in particular has increased significantly in recent years. Most of these studies have examined the direct effect of essential oils on a range of microorganisms. However, unlike the majority of antimicrobial agents, essential oils also have a potentially bioactive vapour (volatile) phase, some of which have been demonstrated to have antimicrobial activity that acts in the absence of direct contact. Surprisingly, it has been noted that the inhibitory effect of these oils on fungi can be greater when the oil volatiles are used rather than when the fungi come into direct contact with liquid oil [1] [2] [3] .
In response to the growing problem of antibiotic resistance, there has been increasing interest in the potential use of these volatiles as disinfectants and preservatives and their possible therapeutic applications, particularly for respiratory and superficial fungal infections [4] [5] [6] [7] [8] [9] [10] [11] .
It is believed that the use of essential oil volatiles has several benefits over direct application of the oils themselves, namely reduced toxicity (compared to direct contact) and ease of application, whether in an enclosed airspace or via inhalation. Inhalation of essential oil volatiles may have particular relevance in the treatment and/or prevention of lung infections; indeed inhalation of oil volatiles has already been used for symptomatic relief of conditions, including bronchitis and sinusitis, and some oil volatiles have been shown to reduce the symptoms of asthma [12] [13] [14] .
Although the antifungal activity of essential oil volatiles was first reported in 1959, specific antifungal activity associated with these volatiles has, until recently, focused on inhibition of either food spoilage or post-harvest plant pathogens, with little known about their potential activity against medically important fungi [7, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Antifungal Activity
The vapour phases of essential oils serve a variety of functions in plants. They are utilised by plants as a means to attract pollinating insects, are believed to play a role in communication between plants and act as a natural defence mechanism against pathogens and predators, whether microbial, insects or herbivores [21, 27, 28] .
Essential oil volatile compounds are defined as low molecular weight lipophilic molecules that have a tendency to volatise at relatively low temperatures [21, 29] . In comparison to their plant counterparts, essential oils contain a high concentration of these volatile agents [22] . Volatile essential oils contain a complex mixture of compounds that are mostly composed of monoterpenes and sesquiterpenes [30] . Major compounds include alcohols, aldehydes, esters, ketones, phenols, oxides, coumarins and phenylpropenes [30] .
A wide range of essential oil volatiles have been demonstrated to have activity against a range of both hyphate fungi and yeast, including both animal and plant pathogens [3, [7] [8] [9] [10] 22, 26, [31] [32] [33] [34] [35] . A potential correlation between the major components of essential oils and the oil/oil volatiles antifungal activity has led to the suggestion that these oils should be grouped by major active compounds rather than plant species [9, 36] .
Inouye et al. (2006) recently reported the vapor activity of 72 essential oils against
Trichophyton mentagrophytes which demonstrated that those essential oils with phenol as the major component displayed the most potent vapour activity [9] . In descending order of activity, from most to least potent, they suggest that the order of potency of essential oil vapours can be determined as those rich in phenol > aldehyde > alcohol > ketone > ester (= ether/oxide) > hydrocarbon. Examples of oils in each of these groups and average MFD (minimum fungicidal dose) are shown in Table 1 .
Some variation in this potential link between most abundant constituent and activity has been reported [17, 37] . For example, Kalemba and Kunicka (2003) reported that, in their study, ketone oils are in fact more active than alcohol oils [37] . While this delineation of activity is, therefore, not definitive, as some variation in activity does occur within groups, it does provide a general ranking of likely activity.
Similarly, the role of synergism between essential oil components remains unclear. Lis-Balchin et al. (1998) suggested that any synergism exhibited with less abundant components of the oils is unlikely to be of significance. However, others report that synergism between components does play an important role [22, 38] . For example, it has been demonstrated that application of the major constituents of basil oil (linalool and eugenol), when applied individually, did not produce the fungicidal activity demonstrated when the two compounds were applied simultaneously in the same ratios as present in native basil oil [22] . This area clearly warrants further study, but it is likely that factors such as method of evaporation utilized (especially in relation to speed of evaporation) and viscosity are also important as these factors play an important role in determining the final concentration of individual components within the air space [22] . Indeed, it has been noted that rate of evaporation does have an impact in determining the antifungal activity, and, therefore, potential use for an essential oil volatile [8, 22] .
Methodology and Reporting
As with direct contact studies, methodology and reporting of volatile activity against fungi is inconsistent [39] . While the majority of studies in this area have utilised the reliable micro-atmosphere assay (also known as the 'reverse Petri plate' or fumigation method), the reporting of effective concentrations in relation to air space, evaporation speed, exposure times, microbial strains and definitive source of the essential oils is variable, making comparison of reports difficult. For example, several essential oil volatiles have been shown to have activity against the fungus Aspergillus flavus, but reports vary in their recording of the plant species that was the source of the oil; some reports cite botanical names (for example, Ocimum gratissimum (East Indian Basil), Thymus vulgaris (thyme) and Chrysanthemum coronarium (garland chrysanthemum), while others only provide the common name (for example oregano, rosemary and mustard) [17] [18] [19] 23] .
When noted, the activity of volatiles is most commonly reported as either µL of oil/L of airspace or ppm (part per million: mg/L). However, in many instances, the volume of oil utilised is noted but the air space is not [7, [19] [20] [21] [22] 26, 41, 42] .
From reports published to date, it appears unlikely that the inoculation form of the fungus (spore suspension or fungal plug inoculation) affects the results of the study, however, the variation in fungal growth conditions between studies has the potential to have a significant effect on outcome [5, 7, 19, 22, 42, 43] . Choice of media for example may play an important role in determining susceptibility of the fungi as it has previously been reported that growth on different media can significantly alter fungal susceptibility to antifungal agents, such as essential oil volatiles [23] . Exposure time also varies between reports, but its role in fungal susceptibility is less clear. While some studies report volatile exposure for up to 42 days, others report that exposure time is irrelevant after the first few hours [5, 18, 44] . Despite, or perhaps because of, this variation in exposure time, little information is available for most essential oils examined to date about the minimum exposure time required for fungal growth inhibition. For example, it has been reported that a 2 hour and a 24 hour exposure of bacteria to volatiles resulted in similar growth inhibition. This is most likely due to the maximum concentration of the active components being released into the airspace and absorbed into agar within the first hour and that producing a high vapour concentration in a short time may result in the most efficient antimicrobial activity [8, 44] . Determination of accurate exposure times will be of vital importance for development of potential therapeutic applications.
Mechanism of Action
The exact mechanism of action of essential oil volatiles on fungi remains unclear. However, a number of effects and hypothesis have been reported: these include inhibition of sporulation, disruption of cell wall and membranes, germination and hyphal elongation [7, 8, 19, 26, 44) . Not surprisingly, due to the differing effects on specific fungi of individual oils, it is suggested that the mechanism of action of essential oil volatiles may differ significantly from that of oils added directly into the growth medium [32] .
In general, the majority of reports agree that essential oil volatiles result in significant morphological changes to the hyphae, most noticeably a reduction in hyphal diameter and hyphal wall thickness, possibly related to interference by essential oil components in the enzymatic reactions of cell wall synthesis leading to incorrect assembly of wall components, such as chitin, glucans and glycoproteins [26, 31, 45, 46] . Plasma membrane disruption, mitochondrial structure disorganisation, decreases in both lipid and saturated fatty acid content, increases in unsaturated fatty acids and Mg 2+ , Ca 2+ and K + leakage from exposed cells/hyphae have also been reported [26, 31] .
It is unclear how the volatiles are inhibiting fungal growth, with some reports demonstrating that the volatiles are acting directly on the mycelia, while others suggest that the volatiles are acting on fungal growth indirectly by being absorbed into the growth medium and diffusing through to the mycelia [47, 48] . Other authors believe that it is a combination of both that results in the demonstrated antifungal activity of essential oil volatiles, while others suggest the mode of action is directly related to the amount of each compound absorbed to solid phase components (membrane, granules etc) and that, in low doses, fungicidal activity is directly related to the characteristics of the individual compounds, while at high concentrations, compounds from essential oils are fungicidal by a common mechanism [22, 32] .
For example, it has been demonstrated that oil volatiles are preferentially absorbed onto the lipophilic surface of mycelia and that the greater the surface area of mycelia the stronger the inhibitory effect of oil volatiles [44, 48] . Inouye and others hypothesise that compounds within the essential oil volatiles irreversibly cross link with components in the fungal cell membrane causing the leakage of intracellular components [31, 47] . It is also possible that respiratory suppression of aerial mycelia may be involved [50, 51] .
Oil volatiles have been demonstrated to inhibit sporulation of fungi [19, 44] . It has been suggested that this inhibition of sporulation, as with cell wall damage, is also associated with alterations to the cell membrane or cell wall damage, leading to increased permeability and subsequent loss of cytoplasmic content (perhaps during synthesis) [51] . Based on analysis of the antisporulation activity on M. gypseum of extracts whose main constituent was lapachol, it has been proposed that this inhibition is due to components either damaging the cell wall or altering the membrane permeability of the microconidia, which results in loss of cytoplasm, which in turn would lead to cell death [51] .
By measuring the absorbance of volatile components within the agar it has been demonstrated that compounds that are water soluble and stable are incorporated into the agar quickly and in high amounts [21, 44] . In one study, for example, it was shown that in one hour of exposure, 70% of the ethanol volatiles were absorbed into the agar, with only 0.5% remaining in the headspace, while only 30% of cinnamaldehyde volatiles were found within the agar and 0.05% was found within the headspace, suggesting that oil volatiles may inhibit fungal growth after being absorbed into the agar [21] . However, unpublished results from this laboratory indicate that when sterile agar is exposed to oil vapours prior to inoculation, the growth inhibition is significantly less than when the oil vapours are in direct contact with the fungus. This implies that the essential oil vapours are acting in combination, directly and indirectly, on the fungi to produce growth inhibition.
While this review has concentrated on hyphate fungi, the possible anticandidal mechanism of action of individual essential oil components has recently been reviewed by Pauli (2005) [32] .
Conclusion
There can be no doubt that essential oil volatiles have great potential for use in fungal control and/or treatment, however, there is a need for consistent methodology and reporting before this potential can be fully realized. Essential oil volatiles have the advantage that they can treat large areas and do not require direct contact with liquid oils. An added bonus is that such complex substances are unlikely to lead to the development of resistance. In vivo studies to determine the applicability, efficacy and safely of essential oils volatiles in the prevention and treatment of fungal infections are now required to determine correlation between in vitro and in vivo results.
